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Abstract  The  IOF<,  anion,  which  is  the  first  example  of  a  pentagonal  bipyramidal  AX?YZ  type  species,  was  prepared 
in  the  form  of  its  stable  N(CHj)4+  salt.  Its  X-ray  crystal  structure  was  determined  at  -93  °  and  -1 55  °C  (tetragonal, 
space  group  P4/nmm,  Z  =  2,  a  =  8.8590  (10)  and  8.8151  (10)  A,  c  =  6.3690  (10)  and  6.3213  (10)  A,  R  —  0.0373 
and  0.0291  for  876  [/  >  3<r(/>]  and  885  [/  >  3 a(I)]  reflections,  respectively).  In  addition  to  two  perfectly  ordered 
NfCHjV  cations,  the  structure  contains  two  IOF6  anions  of  approximate  C5l  symmetry  which  are  subject  to  a 
positional  4-fold  disorder  for  the  equatorial  plane.  The  O-l-F,,  angle  is  constrained  by  symmetry  to  be  1 80°,  whereas 
there  are  no  constraints  on  the  positions  of  the  equatorial  fluorines.  The  1-0  bond  length  indicates  substantial  double 
bond  character,  and  the  axial  I-F  bond  length  is  significantly  shorter  than  the  five  equatorial  I-F  bond  lengths.  The 
mean  O-I-Fb,  bond  angle  is  slightly  larger  than  90° ,  due  to  the  doubly  bonded  oxygen  atom  being  more  repulsive  than 
the  singly  bonded  axial  fluorine  ligand.  The  equatorial  IFs  plane  is  puckered  to  alleviate  its  congestion.  In  contrast 
to  the  highly  fluxional,  free  IF7  molecule,  in  which  the  equatorial  fluorines  undergo  a  very  rapid,  dynamic,  pseudorotational 
ring  puckering  and  a  slower  intramolecular  equatorial-axial  ligand  exchange,  the  puckering  of  the  IOF6~  anion  in  its 
N(CH])4*  salt  is  frozen  out  due  to  anion-cation  interactions,  and  the  equatorial-axial  ligand  exchange  is  precluded 
by  the  more  repulsive  oxygen  ligand  which  occupies  exclusively  axial  positions.  Therefore,  the  IOF6  anion  is  ideally 
suited  for  studying  the  nature  of  the  equatorial  puckering  in  species  of  5-fold  symmetry.  The  puckering  in  IOFt  is 
of  the  C,  symmetry  type,  and  the  deviations  from  the  ideal  equatorial  plane  are  relatively  small  and  decrease  with 
decreasing  temperature.  Furthermore,  the  axial  1-0  bond  length  decreases  and  the  mean  O-I-F^  bond  angle  increases 
with  decreasing  temperature.  These  findings  demonstrate  that  in  agreement  with  our  results  from  ab  initio  calculations 
and  contrary  to  the  VSEPR  concept  of  repelling  points  on  a  sphere,  the  minimum  energy  structures  of  these  main  group 
heptacoordinated  fluorides  or  oxyfluorides  are  those  of  pentagonal  bipyramids  with  an  unpuckered  equatorial  plane 
and  not  those  of  either  monocapped  octahedra  or  monocapped  trigonal  prisms.  Whereas  in  solid  N(CH3)4+IOF6  the 
equatorial  ring  puckering  of  IOF6~  is  frozen  out,  in  the  dissolved  free  ion  this  puckering  becomes  dynamic,  as  demonstrated 
by  l9F  NMR  spectroscopy  which  shows  five  equivalent  equatorial  fluorine  ligands.  Contrary  to  IF:  and  TeF7,  the 
IOF6  anion  does  not  undergo  an  intramolecular  equatorial-axial  ligand  exchange  on  the  NMR  time  scale  because  of 
the  more  repulsive,  doubly  bonded  oxygen.  The  vibrational  spectra  of  N(CHj)4+IOF6"  in  both  the  solid  state  and 
CH3CN  solution  were  recorded  and  assigned  with  the  help  of  ab  initio  calculations  on  IOF6  using  effective  core 
potentials  and  local  density  functional  theory.  Normal  coordinate  analyses  were  carried  out  for  the  pentagonal  bipyramidal 
series  IF7,  IOF«  ,  XeFs"  which  show  that  the  equatorial,  in-plane  deformation  force  constants  (f„)  are  a  good  measure 
for  the  degree  of  congestion  in  the  equatorial  plane.  Puckering  increases  with  decreasing  bond  lengths,  increasing  ligand 
and  decreasing  central  atom  sizes,  and  increasing  temperature.  The  pentagonal  bipyramidal  structures  of  these  molecules 
and  the  coplanarity  of  their  equatorial  ligands,  which  are  found  for  their  minimum  energy  structures,  are  explained 
by  a  bonding  scheme  involving  delocalized  px)  hybrid  orbitals  of  the  central  atom  for  the  formation  of  a  coplanar, 
semi-ionic,  6-center  10-electron  bond  system  for  the  five  equatorial  bonds  and  of  an  sp..  hybrid  orbital  for  the  formation 
of  two,  more  covalent,  colinear,  axial  bonds.  This  bonding  scheme  can  account  for  all  the  observed  structural  features 
and  also  the  bond  length  differences. 


Introduction 

In  main  group  element  chemistry,  coordination  numbers  in 
excess  of  six  are  relatively  rare,  but  they  are  of  considerable 
interest  due  to  special  features  caused  by  steric  crowding  of  the 
ligands,  free  valence  electron  pairs  being  sterically  either  active 
or  inactive,  and  the  propensity  of  the  molecules  to  exhibit 
fluxionality.  Of  particular  interest  are  heptacoordinated  species 
which  could  exist  either  as  a  monocapped  octahedron,  a  mono- 
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capped  trigonal  prism,  or  a  pentagonal  bipyramid. 5  According 
to  the  VSEPR  model  of  “repelling  points  on  a  sphere",5  the 
preferred  structures  should  be  the  monocapped  octahedron  or 
trigonal  prism.  However,  for  main  group  elements  and  relatively 
low  repulsive  forces,  the  pentagonal  bipyramid  is  favored*  and 
has  been  found  for  species  such  as  IF?1*  or  TeF7  In 
pentagonal  bipyramidal  structures,  the  pentagonal  equatorial 
plane  is  highly  congested  which  results  in  increased  repulsion 

(5)  Gillespie.  R  J  .  Hargittai.  I  In  The  VSEPR  Model  of  Molecular 
Geometry.  Allyn  and  Bacon.  A  Division  of  Simon  A  Schuster,  Inc.:  Needham 
Heights,  MA.199I;  p  58 

(6)  Thompson.  H.  B.;  Bartel!.  L  S.  tnorg  Chem  IMS,  7,  488. 

(7)  Adams,  W.  J.;  Thompson.  H  B.,  Bartell.  L.  S  J  Chem.  Rhys.  1*7®. 
53.  4040 
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among  the  equatorial  ligands  and,  as  a  result,  in  increased  bond 
lengths  and  usually  some  kind  of  puckering.5  8  In  the  case  of 
5-fold  symmetry,  this  puckering  presents  a  special  problem.  The 
odd  number  of  ligands  does  not  allow  for  a  highly  symmetric 
arrangement  in  which  all  five  equatorial  ligands  can  be  placed 
into  equivalent  positions,  i.e.  with  identical  displacements  alter¬ 
nately  above  and  below  the  equatorial  plane.  One  way  to  achieve 
equivalency  of  the  equatorial  ligands  is  a  fast,  dynamic,  pseu- 
dorotational  ring  puckering,  as  found  for  IFv8  which  results  in 
a  highly  fluxional  molecule.  In  addition,  the  pentagonal  bipy- 
ramidal  XFi  molecules  generally  exhibit  a  second  kind  of 
fluxionality,  i.e.  a  slower,  intramolecular,  axial-equatorial  ligand 
exchange.8  The  combination  of  these  two  types  of  fluxionality 
makes  it  experimentally  very  difficult  to  characterize  and  describe 
the  structures  of  these  molecules.  Many  of  the  difficulties  with 
the  fluxionality  of  the  XF:  species  might  be  overcome  by  studying 
ionic  XOFa'1"  salts.  The  presence  of  one  doubly  bonded  oxygen 
which  is  more  repulsive  than  the  fluorine  ligands  should  preempt 
a  facile  'ixial-equatorial  ligand  exchange,  and  the  dynamic 
puckering  of  the  equatorial  plane  could  be  frozen  out  by  anion- 
cation  interactions.  Therefore,  an  effort  was  undertaken  to 
prepare  and  characterize  a  salt  containing  an  XOF6‘  anion. 
Examples  of  pentagonal  bipyramidal  XOF6  species  had  previously 
been  unknown  and  only  recently  been  reported 101 1  in  two  separate 
preliminary  notes  from  our  laboratories.  In  this  paper,  a  full 
account  and  analysis  of  our  work  on  the  10 F6  anion  is  given. 

Experimental  Section 

Caution:  IOF<  is  a  strong  oxidizer,  and  its  combination  with  organic 
materials,  such  as  CHiCN  or  N(CHj)4*  salts,  could  be  potentially 
hazardous.  Although  no  difficulties  were  encountered  in  the  present 
study,  appropriate  safety  precautions  and  shielding  should  be  used, 
particularly  when  working  on  a  larger  scale  with  these  materials. 

Materials.  TheCHjCN  (Baker.  Bio-analyzed,  Mvinga  water  content 
of  40  ppm)  was  treated  with  P:CK  and  freshly  distilled  prior  to  use.  thereby 
reducing  its  water  content  to  <4  ppm.  Literature  methods  were  used  for 
the  syntheses  of  lOFs1-’  4  and  anhydrous  NICHjI/F.1' 

Syntb*sisofN(CHjh*IOF<> .  The  salt  N(Ch  ifi'lOF*  was  prepared 
by  condensing  gaseous  lOFi  (6.40  mmol)  from  the  calibrated  volume  of 
a  nickel  and  stainless  steel  vacuum  line  at  room  temperature  onto 
anhydrous  N(CHi)j*F  (0  4473  g,  5.779  mmol)  in  8  mL  of  dry  CHjCN 
at  -1 96  °C.  The  mixture  was  warmed  and  allowed  to  react,  with  frequent 
agitation,  at  -35  °C  for  30  min.  The  solvent  and  unreacted  IOF<  were 
pumped  off  at  -35  °C  leaving  behind  MCHih'MOF*  as  a  very  pale 
yellow  crystalline  solid  in  essentially  quantitative  yield  ( 1 .8298  g,  5.772 
mmol)  Anal.  Calcd  for  CsH.^IO:  C.  14  50;  H.  3.63;  F.  33.00;  I. 
38.35;  N,  4.23.  Found:  C,  14  62;  H.  3.66;  F.  32.4;  I.  38.51;  N.  4.33. 

Vibrational  Spectroscopy.  Raman  spectra  were  recorded  on  either  a 
Cary  Model  83  ora  Spex  Model  1403  spectrophotometer  using  the  488- 
nm  exciting  line  of  an  Ar  ion  or  the  647.1-nm  line  of  a  Kr  ion  laser, 
respectively.  Baked-out  Pyrex  melting  point  capillaries  or  thin-walled 
Kel-F  tubes  were  used  as  sample  containers  A  previously  described  6 
device  was  used  for  recording  the  low-temperature  spectra 

Infrared  spectra  were  recorded  by  using  either  AgCI  or  AgBr  disks 
on  a  Perkin-Elmer  Model  283  spectrophotometer.  The  finely  powdered 
samples  were  sandwiched  between  two  thin  disks  and  pressed  together 
in  a  Wilks  minipress  inside  the  drybox 

Nuclear  Magnetic  Resonance  Spectroscopy.  The  ”F  NMR  spectra 
were  recorded  at  McMaster  University  unlocked  (field  drift  <0.1  Hz 

(8)  Christe.  K.  O  :  Curtis.  E  C  ;  Dixon.  D  A  J  Am  Chem  So c  1993. 
115.  1520 

(9) Selig.  H  .  Sang.  S  .  Abramowitz.  S  Inorg  Chem  1974,  13,  1508 

(10)  Christe.  K  O.:  Sanders.  J  C  P ;  Schrobilgen.  G.  J  .  Wilson.  W  W 
J  Chem  Soc  .  Chem  Common  1991,  837 

(11)  Mahjoub.  A  R  ,  Seppeli,  K  J  Chem  Soc  .  Chem  Commun  1991, 
840 

( 12)  Holloway.  J  H  :  Selig,  H  ,  Claassen,  H  H  J  Chem  Phvs  1971.54. 
4305 

( 1 3)  Schack.  C  J  .  Pilipovich.  D  .  Cohz.  S  N  ,  Sheehan.  D  F  J  Phvs 
Chem  1968.  72.  4697 

(U)Schack.  C  J  .  Christe.  K  O  J  Fluorine  Chem  1990,49.  167 

( 1 5)  Christe.  K  O  ;  Wilson.  W  W  ,  Wilson,  R  D  .  Bau.  R  .  Feng.  J  J 
Am  Chem  Soc  1990.  111.  7619 

( 16)  Miller.  F  A  ,  Harney,  B  M  Appl  Spectrosc  1969,  23.  8 


h  ')  on  a  Bruker  AM-500  spectrometer  equipped  with  an  11.744  T 
cryomagnet  and  an  Aspect  3000  computer.  The  spectra  were  obtained 
using  a  5-mm  combination  1 H / l9F  probe  operating  at  470.599  MHz. 
The  spectra  were  recorded  in  a  32K  memory.  A  spectral  width  setting 
of  62  500  Hz  was  employed,  yielding  a  data  point  resolution  of  3.8  Hz/ 
data  point  and  an  acquisition  lime  of  0.262  s.  No  relaxation  delays  were 
applied.  Typically  ,  40  000  transients  were  accumulated.  The  pulse  width 
corresponding  to  a  bulk  magnetization  tip  angle.  8,  of  approximately  90° 
was  equal  to  I  ps.  Line  broadening  parameters  used  in  the  exponential 
multiplication  of  the  free  induction  decays  were  3—4  Hz. 

The  low-temperature  study  was  carried  out  by  the  use  of  a  Bruker 
temperature  controller.  The  temperature  was  measured  with  a  copper- 
constantan  thermocouple  inserted  directly  into  the  sample  region  of  the 
probe  and  was  accurate  to  ±1  °C. 

The  spectra  were  referenced  to  a  neat  external  sample  of  CFCIj.  The 
chemical  shift  convention  used  is  that  a  positive  (negative)  sign  signifies 
a  chemical  shift  to  high  (low)  frequency  of  the  reference  compound.1' 

Computational  Methods.  The  electronic  structure  calculations  were 
done  at  the  ab  initio  molecular  orbital  level  using  either  local  density 
function (LDF)  theory18  31  oreffectivecorepotentials(ECP).  TheLDF 
calculations  were  carried  out  with  the  program  system  DMol,::  as 
previously  described,8  with  a  double-numerical  basis  set  augmented  by 
d  polarization  functions.  This  can  be  considered  in  terms  of  size  as  a 
polarized  double-f  basis  set  However,  because  exact  numerical  solutions 
are  employed  for  the  atom,  this  basis  set  is  of  significantly  higher  quality 
thana  normal molecularorbitalpolarizeddouble-fbasisset.  Thefitting 
functions  have  an  angular  momentum  number  one  greater  than  that  of 
the  po.  ’  rization  function,  resulting  in  a  value  of  /  =  3  for  the  fitting 
functions. 

The  ECP  calculations  were  done  with  all  electrons  on  the  F  and  O  and 
with  an  effective  core  potential  replacing  all  of  the  core  electrons  on  the 
1.  The  valence  basis  set  is  of  polarized  double-f  quality.  The  fluorine 
and  oxygen  basis  set  is  from  Dunning  and  Hay,-’  and  the  ECP  from  Hay 
and  Wadt3J  including  relativistic  corrections.  The  valence  basis  set  of 
Hay  and  Wadt;lwasused  augmented  by  ad  function  on  I  with  an  exponent 
of 0.266.-’'  The  geometries  were  optimGed  by  using  gradient  techniques.-'6 
and  the  force  fields  were  calculated  analytically. :7  :s  The  ab  initio  MO 
calculations  were  done  with  the  program  GRADSCF.-’4  as  implemented 
on  a  Cray  YMP  computer  system. 

Crystal  Structure  Determinations  of  N  (CHiV  IOF,, .  Two  independent 
crystal  structure  determinations  were  carried  out  for  this  compound  at 
McMaster  University  and  the  Freie  Universitat  Berlin 


(17)  Pure  Appl  Chem.  1972.  39.  627;  1976,  45.  217 

(18)  Parr.  R.  G  :  Yang.  W  Density  Functional  Theory  of  Atoms  and 
Molecules.  Oxford  University  Press:  New  York.  1989 

( 19)  Salahub,  D.  R.  In  Ab  Initio  Methods  in  Quantum  Methods  in  Quantum 
Chemistry.  2nd  ed..  Lawley,  K  P  .  Ed  :  3.  Wiley  &  Sons  New  York.  1987; 
p  447. 

(20)  (a)  Wimmcr.  E.;  Freeman.  A  J.:  Fu.  C  -L  ;  Cao.  P  -L  .  Chou.  S.-H  . 
Delley.  B.  In  Supercomputer  Research  in  Chemistry  and  Chemical  Engi¬ 
neering-.  3ensen.  K  F  .  Truhlar.  D  G  ,  Eds.;  ACS  Symp  Set ;  American 
Chemical  Society  Washington.  DC,  1987;  p49  (b)  Dixon.  D  A  .  Andzelm. 
J.;  Fitzgerald.G.;  W  immer,  E..  Delley.  B  In  Science  and  EngineenngonCray 
Supercomputers  Proceedings  of  the  Fifth  International  Symposium:  Cray 
Research.  Minneapolis.  MN.  1990;  p  285. 

(21)  Jones.  R  O  .  Gunnarsson.  O.  Rer  Mod.  Phvs  1989.  61.  689 

(22)  Delley.  B  J  Chem  Phvs  1990.  92,  508  DMol  is  available 
commercially  from  BIOSYM  Technologies.  San  Diego.  CA 

(23)  Dunning.  T  H..  Jr ;  Hay.  P.  J  In  Methods  of  Electronic  Structure 
Theory ;  Schaefer.  H  F„  111.  Ed  ;  Plenum  Press  New  York.  1977.  Chapter 
I. 

(24)  Hay.  P  J  :  Wadt.  W  R.  J  Chem  Phvs.  198S.  87.  299. 

(25)  Huzinaga.  S  ;  Andzelm.  J  ;  Klobukowski.  M  ;  Radzio.  E.;  Sakai.  Y  . 
Tatasaki.  H  Gaussian  Basis  Sets  of  Molecular  Calculations:  Elsevier 
Amsterdam.  1984 

(26)  (a)  Kormonicki,  A  ;  Ishida.K  ;Morokuma.K  ;  Ditchfield.  R  Conrad. 
M  Chem  Phys  Lett.  \977.  45.  595  (b)  Mclver.  J  W  .  Jr ,  Komomicki.  A 
Chem  Phvs  Lett  1971. 10.  202  (c)  Pulay.  P.  In  Applications  of  Electronic 
Structure  Theory:  Schaefer,  H  F  ,  III.  Ed  ;  Plenum  Press  New  York,  1977. 

p  153 

(27)  (a)  King,  H  F  :  komormcki.  A  J  Chem  Phys  1986. 84.  5465  (b) 
King.  H  F  ;  Komormcki.  A  In  Geometrical  Derivatives  of  Energy  Surfaces 
and  Molecular  Properties:  Jorgenson.  P  .Simons.  J..  Eds  ;  NATO  AS1  Series 
C.  D  Reidel  Dordrecht.  1986.  Vol  166.  p  207 

(28)  Bretdung.J  ; Thiel.  W  : Komomicki.  A  Chem  Phys  Lett.  1988. 153. 

(29)  GRADSCF  is  an  ab  initio  program  system  designed  and  written  by 
A  Komormcki  at  Polyatomics  Research 
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At  McMaster.  only  one  type  of  crystal  was  observed,  tetragonal  PA) 
nmm  crystals  which  have  10F(,  with  a  positional  4-fold  disorder  for  the 
puckered  equatorial  plane  The  structure  of  one  of  these  crystals  was 
determined  at  -93  °C  and  is  given  in  this  paper. 

At  Berlin,  originally  a  very  similar,  orthorhombic  crystal  was  studied 
at  -163  °C,  and  the  data  were  refined  either  in  PA) nmm  with  4-fold 
disorder  or  Pmmrt  with  systematic  twinning;  however,  no  puckering  of 
the  equatorial  plane  was  observed."  in  repeat  experiments,  exclusively 
crystals  identical  to  those  found  at  McMaster  were  obtained.  The  structure 
of  one  of  these  crystals  was  determined  at  -1S5  °C  and  is  given  in  this 
paper. 

Single  crystals  of  N  (C  H i)S  IOF6  were  grown  at  McMaster  by  making 
a  saturated  solution  of  N(CHj)4+IOF6  in  CH3CN  in  a  Teflon-FEP  tube 
at  room  temperature  and  warming  it  to  45  °C  whereupon  it  completely 
dissolved  to  give  a  pale  yellow  solution.  The  sample  tube  was  then 
positioned  horizontally  above  a  dewar  containing  water  at  60  °C.  covered 
with  aluminum  foil,  and  slowly  allowed  >0  cool  overnight.  This  resulted 
in  the  growth  of  transparent  crystals  which  could  be  described  as  tetragonal 
prisms.  At  McMaster,  the  crystals  were  sealed  in  Lindemann  quartz 
capillaries  and  centered  on  a  Siemens  R3m/v  diffractometer.  Accurate 
cell  dimensions  were  determined  at  T  -  -93  °C  from  a  least-squares 
refinement  of  the  setting  angles  (*,  t>.  and  26)  obtained  from  25  accurately 
centered  reflections  (with  34.71°  <  20  <  38.05°)  chosen  from  a  variety 
of  points  in  reciprocal  space.  Examination  of  the  peak  profiles  revealed 
that  they  were  single.10  Integrated  diffraction  intensities  were  collected 
using  a  8~26  scan  technique  with  scan  rates  varying  from  1 .5  to  14.65°/ 
min  (in  26)  and  a  scan  range  of  ±0.6°,  so  that  the  weaker  reflections  were 
examined  slowly  to  minimize  counting  errors.  Data  were  collected  in 
four  steps  since  the  crystal  was  diffracting  very  strongly.  In  the  first  step, 
the  data  were  collected  with  -1 5  <  A  <  15,  0  <  k  <  15,  and  0  <  1  £  11 
and  with  3°  S  26  <  45°,  using  silver  radiation  monochromatized  with 
a  graphite  crystal  (X  =  0.56087  A).  During  data  collection,  the  intensities 
of  three  standard  reflections  were  monitored  every  97  reflections  to  check 
for  crystal  stability  and  alignment.  A  total  of  1 583  reflections  were 
collected  out  of  which  16  were  standard  reflections.  At  this  stage,  the 
distribution  of  the  reflections  in  the  reciprocal  space  indicated  that  the 
crystal  was  diffracting  at  relatively  high  angles,  consequently  a  second 
data  set  was  recorded  with  45°  <  26  <  55°.  This  time  a  total  of  1 163 
reflections  were  collected  out  of  which  1 2  were  standard  reflections.  Finally, 
a  third  data  set  was  recorded  with  55°  <  26  <  60°  giving  rise  to  712 
reflections  out  of  which  8  were  standard  reflections.  These  data  sets 
were  recorded  with  the  maximum  intensity  (i.e.  1.5  kW  Ag  X-rays), 
without  attenuation,  and  as  a  consequence,  the  strongest  reflections  at 
very  low  angles  were  not  recorded.  In  order  to  record  these  missing 
reflections,  the  power  had  to  be  decreased  to  750  W.  Another  set  of  data 
was  collected  with  -3  <  h  <  3,  0  <  k  <  3,  and  0  <  1  <  2.  A  total  of  3 1 
reflections  were  collected,  out  of  which  6  were  standard  reflections.  No 
crystal  decay  was  observed.  In  total,  3 1 36  reflections  were  collected  and 
876  unique  reflections  remained  after  averaging  of  equivalent  reflections. 
A  total  of  780  reflections,  satisfying  the  condition  /  i  3o(f),  were  used 
for  thestruclure  solution.  These  reflections  exhibited  systematic  absences 
for  hkO:  h  +  k  -  2n  and  h 00:  h  =  2 n.  Corrections  were  made  for 
Lorentz  and  polarization  effects.  Absorption  corrections  were  applied 
by  using  the  program  DIFABS11  The  transmission  factors  ranged  from 
0.728  to  1.117. 

The  XPREP  program12  was  used  to  determine  the  correct  cell  and 
space  group  It  confirmed  that  the  original  cell  was  correct  and  that  the 
lattice  was  tetragonal  primitive  (R,m  =  0.028).  The  structure  was  shown 
to  be  centrosymmetric  by  an  examination  of  the  £-slalistics  (calculated, 
0.616;  theoretical.  0.736).  The  two  space  groups  which  were  consistent 
with  the  systematic  absences  (n-glide  and  C?)  were  the  centrosymmetric 
P4/n  and  £4 /nmm  space  groups. 

A  first  solution  was  obtained  without  absorption  corrections;  it  was 
achieved  in  the  space  group  PA /nmm  ( 1 29)  by  conventional  heavy-atom 
Patterson  methods  which  located  the  positions  of  the  iodine,  nitrogen, 
and  carbon  atoms  on  special  positions  (i.e.  4mm.  -4m2,  m.)  The  full- 
matrix  least-squares  refinement  of  their  positions  and  isotropic  thermal 
parameters  gave  a  conventional  agreement  index  R  =  (I|FJ  -  |F,I/I|FJ) 
of  0. 1 2.  A  subsequent  difference  Fourier  synthesis  revealed  the  positions 

(30)  Despite  the  fact  that  all  the  peaks  proved  to  be  single,  the  possibility 
of  twinning  was  checked  by  verifying  that  the  hkl  values  associated  with  the 
very  weak  and  very  strong  reflections  al  low  sin  S/X  refined  using  the  same 
orientation  matrix. 

(31)  Walker,  N..  Stuart.  D.  Acta  Crystallogr.  I9*J,  A}9,  158 

(32)  Sheldrick,  G  M  (1990);  SHELXTL  PLUS1"  Release  4.21 /V. 
Siemens  Analytical  X-Ray  Instruments.  Inc..  Madison.  Wisconsin 


Table  1.  Summary  of  Crystal  Data  and  Refinement  Results  for 
NfCHiJGIOF,,  at  -93  and  -155  °C 


T  (°C) 

-93 

-155 

space  group 

PA/nmm  (tetragonal) 

a  (A) 

8.8590(10) 

8.8151(10) 

c(A) 

6.3690(10) 

6.3213(12) 

F(AJ) 

499.85(11) 

491.20(10) 

molecules/  unit  cell 

2 

molecular  weight 

331.0 

cryst  dimens  (mm) 

0.4X0.5X02 

0.4  x  04  x  04 

ealed  density  (g  cm1) 

2.199 

2.238 

color 

very  faintly  yellow 

cryst  decay  (%) 

no 

no 

abs  coeff  (mm") 

3.259 

3.326 

wavelength  (A)  used  for 

0.56086 

071069 

data  collection 

sin  6/X  limit  (A") 

0.8915 

0.9045 

total  no.  of  reflctns  measd 

3136 

3489 

no.  of  independent  reflctns 

876 

887 

no.  of  reflctns  used  in 

780 

885 

structural  analysis. 

/>  3a(f) 

no.  of  variable  parameters 

28 

34 

final  agreement  factors 

R 

0.0373 

c.c:o: 

R. 

0.0350 

0.0255 

of  two  atoms  located  on  special  positions,  above  and  below  the  iodine.  It 
was  possible  to  distinguish  a  fluorine  from  an  oxygen  atom  from  the 
difference  in  bond  lengths  (i.e.,  1 .83  and  1 .74  A).  The  introduction  of 
these  positions  gave  a  residual  factor  R  of  0.10.  A  further  difference 
Fourier  synthesis  clearly  showed  the  presence  of  three  atoms  in  the 
equatorial  environment  of  the  iodine.  Twoof  these  atoms  were  positioned 
on  general  positions,  while  the  third  one  was  positioned  on  a  special  position 
( .  .m).  Consequently,  the  model  implied  a  4- fold  disorder  in  the  “pseudo’- 
equatorial  plane  consisting  of  a  superposition  of  four  molecules  with 
identical  I,  axial  F,  and  O  positions.  Consequently,  the  site  occupancy 
factors  of  the  equatorial  fluorine  atoms  were  set  equal  to  0.25  and  0. 1 25 
(general  and  special  positions,  respectively)  instead  of  1 .00  and  0.5.  The 
introduction  of  these  positions  and  isotropic  thermal  parameters  for  the 
equatorial  F  atoms  (all  set  equal)  resulted  in  a  drop  of  the  residual  factor 
R  to  0.057.  Another  improvement  of  the  structure  was  achieved  by 
introducing  anisotropic  thermal  parameters  for  the  1,  N,  C,  F„.  and  O 
atoms  (the  F„,  were  kept  isotropic  because  of  the  presence  of  the  4-fold 
disorder),  and  the  positions  of  the  hydrogen  atoms  located  from  a  difference 
Fourier  map  (U( H)  fixed  to  0.08  A:),  as  well  as  a  weighting  factor  (»■ 
=  \/a:(F)  -  0.0003 F2).  dropping  the  R  factor  to  0.044  (R.  =  0.041). 

The  structure  was  solved  a  second  time  using  data  that  had  been 
corrected  for  absorption.  The  initial  model  used  the  atomic  coordinates 
and  isotropic  thermal  parameters  defined  previously  for  all  the  atoms. 
The  solution  obtained  {R  =  0.043)  indicated  a  slight  improvement  over 
that  obtained  without  absorption  corrections  (R  -  0.057).  The  final 
refinement  was  obtained  by  introducing  anisotropic  thermal  parameters 
for  the  1,  Fj„  O,  N,  and  C  atoms  and  a  weighting  factor  (w  =  1  /<r(F) 
+  O.OOOOF '■)  and  gave  rise  to  a  residual  R  of  0.0373  (R.  =  0.0350).  In 
the  final  difference  Fourier  map.  the  maximum  and  the  minimum  electron 
densities  were  1.5  and  -1.6  A1. 

All  calculations  were  performed  using  the  SHELXTL  PLUS1-' 
determination  package  for  structure  determination  molecular  graphics. 

At  Berlin,  the  crystal  was  mounted,  with  the  help  of  a  special 
apparatus,11  on  an  Enraf  Nonius  CAD  4  diffractometer  at  -155  °C. 
Oscillating  crystal  photographs  were  used  to  check  the  reflection  quality. 
There  were  25  reflections  in  the  6  range  1 2-25°  that  were  used  to  obtain 
the  orientation  matrix  and  lattice  constants  Space  group  determination: 
The  lattice  constants  indicated  no  deviation  from  tetragonal  symmetry. 
Reflection  intensities  obeyed  the  rules  F(hkl)  =  F(hkl)  =  F(khl)  with 
R,„  =  0.0204.  Extinction  of  hkO  pt  2 n  left  only  space  group  PA /nmm 
(No.  129),  which  enforces  the  4-fold  disorder  model  Calculations  in 
ort  horhombic  space  groups  Pmmn  ( No.  59)  or  P2 1  mn  ( No.  3 1 )  generated 
the  same  disorder  of  the  equatorial  fluorine  atoms  Three  reflections 
were  used  to  check  for  crystal  decay  and  standard  reflections  orientation. 
Further  details  of  the  measurement  routine  are  given  in  Tables  I  and  Si 
(supplementary  material).  After  applying  Lorentz  and  polarization 

(33)  Keith.  M.;B&rnighausen. H.  A . Kristallogr.  19S5. 1 70. 5  Schumann. 
H.;Genlhe.  W  ,  Hahn,  F  .  Hossein.  M  B.;d  Helin,  D  V,  Organomet  Chem 
19M.  229,  67 
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Table  II.  Bond  Lengths.  Bond  Angles.  Average  Equatorial  Plane 
Angle,  and  Deviations  from  the  Average  O-l-F^  Bond  Angle  for 
N(CH;)j*10F6  at -93  and -155  °C 


deviations  (deg)  from  the 
bond  lengths  (A)  mean  0-l-FC4  bond  angle 

-93  °C 

-155  °C  -93  °C 

-155  °C 

1-0  1.772(8) 

1.745(4) 

l-F(l)  1.822(6) 

1.823(3) 

I-F(2)  1.899(9) 

1.894(5)  -0.8(2) 

-0.4(1) 

l-F(3)  1.852(10) 

1.868(7)  5.2(2) 

3.7(2) 

I-F(4)  1.880(14) 

1.868(9)  -8.7(4) 

-6.6(3' 

N-C  1483(4) 

1.491(3) 

bond  angles  (deg) 

-93  °C 

-155  °C 

0-l-F(2) 

94.3(2) 

95.9(1) 

O— I— F(3) 

88.3(2) 

91.8(2) 

0-I-F(4) 

102.4(4) 

102.1(3) 

F(!)-I-F(2) 

85.7(2) 

84.1(1) 

F(l)-I-F(3) 

91.7(2) 

88.2(2) 

F(  I )— I— F(4) 

77.8(4) 

77.9(3) 

F(3)-1-F(2e) 

68.7(4) 

69.9(3) 

F(4)-!-F(3) 

78.6(3) 

76.1(2) 

F(2c)-I-F(2e) 

66.8(5) 

67.5(3) 

mean  0-I-Fw 

93.5(3) 

95.5(2) 

mean  pucker  angle" 

4.14(30) 

2.96(20) 

“  Mean  deviation  of  the  equatorial  fluorine  ligands  from  the  mean 
0-l-Fcl)  angle. 


corrections,  the  data  were  used  for  refinement  of  the  prevu  asly  published 1 1 
model  with  the  program  SHELXS  76. 34  Atomic  form  factors  were  taken 
from  the  Kynoch  tables.3'  The  atoms  1. 0.  F(  1 ),  N,  and  C  were  refined 
anisotropicallyand  F(2)-F(4)  isotropically  which  resulted  in  R  =  0.045 
Absorption  correction  was  introduced  at  this  stage.  Optical  measurements 
were  not  possible  because  of  the  embedding  of  the  colorless  crystal  in 
paraffin  oil.  The  scan  method  gave  no  better  results.  Finally  the 
method  DI FABS3 1  was  used.  Maximal  and  minimal  corrections  of  1 .28 
and  0.85  were  applied.  At  this  stage,  hydrogen  atoms  were  found  in 
difference  Fourier  maps  and  refined  with  fixed  isotropic  U.  This  model 
refined  to/?  =  0.0291  and  /?„  =  00255  (see  Table  1)  The  4-fold  disordered 
atoms  F(2)-Ft4)  were  then  treated  anisotropically.  This  resulted  in  R 
=  0.020and/?.  =0.0171.  The  F(2).F(3).  and  F(4)  atoms  became  quite 
disk-like,  with  a  considerable  bond  shrinkage  effect.  Since  it  is  unclear 
whether  or  not  it  is  advisable  to  refine  these  4-fold  disordered  atoms 
anisotropically  because  of  overlap  of  these  atoms  with  each  other,  the 
calculations  with  isotropic  F(2),  F(3),  F(4)  atoms  is  regarded  as  the  best 
solution. 

Summaresof  the  data  collection  parametersand  other  crystallographic 
information  for  both  data  sets  are  given  in  Table  I.  The  final  atomic 
coordinates,  thermal  parameters,  interatomic  distances,  bond  angles,  and 
deviations  from  the  average  CM-F,„  angles  are  listed  in  Tables  II  and 
S4-S5  (supplementary  material).  Summaries  of  the  structure  deter¬ 
minations  and  the  observed  and  calculated  structure  factors  are  given  in 
Tables  S1-S3. 

Results  and  Discussion 

Synthesis  and  Properties  of  N(CHj)44TOF«.  In  a  previous 
study.36  it  was  shown  that  at  room  temperature,  CsF  does  not 
react  with  a  large  excess  of  IOF<,  while  at  higher  temperatures 
it  tends  to  undergo  deoxygenation.  In  the  same  paper  it  was 
speculated  that  the  failure  to  observe  fluorine-oxygen  exchange 
in  the  IFr-CsNOj  system  might  be  due  to  the  lack  of  formation 
of  an  intermediate  IOF«  salt.  The  present  study  clearly 
demonstrates  that  under  suitable  reaction  conditions,  i.e.  using 
a  soluble  anhydrous  fluoride  of  a  large  cation  in  a  compatible 
solvent.  IOF6  salts  are  readily  formed  according  to 

(34)  Sheldrick,  G  M.  Program  for  Crystal  Structure  Determination. 
Gdttmgen.  1976. 

(35)  International  Tables  for  X-ray  Crystallography.  The  Kynoch  Press: 
Birmingham,  1968;  Vol  Ml 

(36)  Christe.  K  O  :  Wilson,  W  W  ;  Wilson.  R  D  Inorg.  Chem  1989,  28. 
904 


Figure  1.  Packing  diagram  of  N(CHj)j4IOFf  viewed  along  the  c  axis. 


C 


Figure  2.  The  structure  of  thelOFi,  anion  showing  the  puckering  pattern 
of  the  equatorial  fluorine  ligands 


CHiCN 

N(CHj)4*F  +  IOF5  -  N(CH,)/lOF6-  (1) 

The  resulting  N(CH3)4+IOF<,"  is  a  very  pale  yellow  solid  which 
is  thermally  stable  up  toabout  1 37  °C  where  it  starts  todecompose 
to  IOF4%  CF4,  and  COF:  as  the  major  products.  It  was 
characterized  by  elemental  analysis,  a  crystal  structure  deter¬ 
mination,  and  vibrational  and  3,F  N  MR  spectroscopy  (sec  below). 

X-ray  Crystal  Structure  of  NfCHyh^IOF* .  The  crystal 
structure  of  N(CHj)4+IOF6’  at  -93  °C  was  determined  at 
McMaster  University  and  confirmed  at  the  Freie  Universitat 
Berlin  for  a  crystal  kept  at  -1 55  °C.  Although  the  gross  features 
of  both  structures  are  very  similar,  they  exhibit  an  extremely 
interesting  temperature  dependence  of  the  degree  of  puckering 
and,  therefore,  both  data  sets  are  given  in  full  detail. 

The  crystal  structure  of  N(CHj)4*IOF(,-  consists  of  well- 
separated  N(CHj)/  and  IOF*  ions.  The  packing  of  the  ions 
(see  Figure  1)  can  be  described  as  a  cubic  close  packing  of 
alternating  layers  of  lOF,,  anions  and  N  (CH 3)4*  cations  in  which 
the  alternating  orientation  of  the  tetrahedral  cations  results  in  a 
cuboctahedral37  unit  cell  with  Z  =  2.  While  thecation  is  perfectly 
ordered  with  the  expected  bond  lengths,  the  IOF6  anion  is  subject 
to  a  positional  4-fold  disorder  in  the  equatorial  plane.  The  model 
results  from  the  superposition  of  four  anions  in  which  the  central 
I  atom  and  the  axial  O  and  F(  1 )  atoms  occupy  identical  positions. 

(37)  Hyde.  B  G  .  Anderson.  S  Inorganic  Crystal  Structures:  John  Wiley 
&  Sons  New  York.  1989.  p  7 
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One  of  these  anions  is  shown  in  Figure  2.  There  are  no  significant 
contacts  to  iodine  other  than  the  directly  bonded  oxygen  and  six 
fluorine  ligands,  and  the  anion  exhibits  a  gross  pentagonal 
bipyramida!  geometry.  The  0-l-Fai  angle  is  constrained  by 
symmetry  to  be  1 80° ,  while  there  are  no  constraints  on  the  positions 
of  the  equatorial  fluorines.  The  equatorial  fluorines  are  bent 
away  from  the  axial  oxygen  ligand,  as  expected  for  a  doubly 
bonded  oxygen  being  more  repulsive  than  a  singly  bonded  fluorine 
ligand.5 

The  I— O  bond  length  ( 1 .75-1 .77  A)  indicates  significant  double 
bond  character  for  the  1-0  bond  .38~*3  Its  temperature  dependence 
will  be  discussed  below.  The  greater  1-0  bond  length  in  IOF6~, 
when  compared  with  that  in  IOF5  (1.715(4)  A),38  is  consistent 
with  the  placement  of  some  of  the  negative  charge  on  oxygen, 
thereby  increasing  the  polarity  and  decreasing  the  bond  order  of 
the  1-0  bond.  The  axial  I-F  bond  (1.823(3)  A)  is,  within 
experimental  error  (±3<r),  significantly  shorter  than  all  of  the 
equatorial  I-F  bonds  (average  1 .88  A),  and  both  types  of  I-F 
bonds  in  IOF„“  are  significantly  longer  than  the  corresponding 
bonds  in  IF:  (1.786(7)  and  1.858(4)  A,  respectively).7  These 
differences  can  be  attributed  again  to  the  formal  negative  charge 
on  IOF6 ,  which  leads  to  greater  Ii+-F^  bond  polarities  and 
consequently  longer  bonds.  The  greater  length  of  the  equatorial 
bonds  in  IOF6  and  IF?  relative  to  their  axial  ones  is  due  to  the 
increased  mutual  repulsion  of  the  fluorine  ligands  in  the  highly 
congested  equatorial  plane  and  their  higher  ionicity  (see  below). 

Nature  and  Temperature  Dependence  of  tbe  Equatorial  Puck¬ 
ering  in  IOF6\  As  mentioned  above,  the  equatorial  fluorine  atoms 
in  IOFt,  are  bent  away  from  the  doubly  bonded  oxygen  atom  by 
about  5°.  Furthermore,  the  plane  of  the  equatorial  fluorine  atoms 
is  puckered  and  its  I-F  bonds  are  elongated  in  order  to  lessen  the 
high  degree  of  ligand-ligand  repulsion  encountered  for  these 
fluorines.  Contrary  to  the  rapid  dynamic  puckering  in  free, 
pentagonal-bipyramidal  molecules,  such  as  IF?,8  the  puckering 
in  solid  N(CH3)i+IOF6'  is  frozen  out  by  hydrogen-fluorine 
bridging  between  the  two  F(2)  atoms  of  IOFv  and  hydrogen 
atoms  from  two  different  cations.  This  bridging  results  in  two 
close  F— C  contacts  of  3.175(9)  and  3.271(9)  A,  while  the 
remaining  closest  F— C  contacts  occur  at  3.317(9),  3.473(9),  and 
3.416(9)  A  and  are  very  close  to  the  accepted  sum  of  the  van  der 
Waals  radii  of  CH,  (2.00  A)44  and  F  (1.35-1.40  A)4445  which 
is  3.35-3.40  A. 

A  pentagonal  plane  can  be  puckered  in  two  ways  resulting  in 
structures  of  either  C,  or  C2  symmetry,  respectively. 


cs  c2 


As  mentioned  above,  the  doubly  bonded,  axial  oxygen  ligand  in 
IO F*  is  more  repulsive  than  the  singly  bonded,  axial  fluorine 
ligand.  Therefore,  the  average  equatorial  plane,  which  can  be 
defined  as  a  plane  perpendicular  to  the  0-I-Fal  axis  containing 
all  five  equatorial  fluorine  ligands  at  the  averaged  F^-I-0  bond 
angle,  drops  below  the  center  of  the  iodine  atom.  As  can  be  seen 
from  Table  II  and  Figure  2,  the  puckered  plane  of  IOFs*  definitely 
exhibits  C,  symmetry. 


(38)  Bartell.  L.  S.;  Clippard,  F.  B.;  Jacob,  J.  E.  Inorg.  Chem.  1976,  15. 
3009 

(39)  Smart.  L.  E  J  Chem.  Soc..  Chem.  Commun.  1977.  519. 

(40)  Selte,  K  .  Kjekshus,  A.  Acta  Chem.  Scand.  1970,  24.  1912. 

(41)  Kilmin.  K  ;  Cruickshank.  D.  W  J  Acta  Crystallogr.  1970,  B26. 
1782 

(42)  Fetkeman.  Y.  D.  Acta  Crystallogr.  1961,  14,  315 

(43)  Feikeman.  Y.  D  Acta  Crystallogr  1966,  20,  765 

(44)  Pauling,  L.  The  Nature  of  the  Chemical  Bond,  3rd  ed.;  Cornell 
University  Press:  Ithaca.  New  York,  1960;  p  260. 

(45)  Bondi.  A  J  Phys.  Chem  1964,  6S,  441 


Furthermore,  the  relative  displacements  of  the  equatorial  fluorine 
ligands  from  the  average  equatorial  plane  decrease  with  decreasing 
temperature,  i.e.  t  he  degree  of puckering  decreases  with  decreasing 
temperature. 


-93  °C 


♦3.7* 


-155  °C 


This  decrease  in  the  degree  of  puckering  at  lower  temperatures 
causes  additional  important  structural  changes.  Thus,  the  1-0 
bond  length  is  significantly  shortened  and  the  angle  between  the 
oxygen  ligand  and  the  average  equatorial  plane  is  increased. 


93 °C  I55“C 


These  temperature  effects  can  be  explained  by  a  decreasing 
population  of  the  higher  vibrational  states  of  the  ring  puckering 
motion  which,  due  to  its  low  frequency  of  about  1 4 1  cm* 1 ,  is,  even 
at  low-temperatures,  still  highly  populated.  The  resulting  decrease 
in  the  thermal  motion  of  the  equatorial  fluorines  diminishes  their 
mutual  repulsion  and  allows  the  equatorial  fluorines  to  become 
more  coplanar  and  less  repulsive  which,  in  turn,  results  in  a 
shortening  of  the  1-0  bond  length.  It  would  therefore  be  of  great 
interest  to  determine  the  crystal  structure  of  N(CH3)4+IOF6-  at 
a  very  low  temperature  at  which  the  puckering  motion  is 
completely  frozen  out  and  to  compare  the  resulting  structure 
with  those  of  the  present  study.  Such  a  study  could  establish 
beyond  a  doubt  that  in  their  minimum  energy  structures  these 
normally  puckered,  pentagonal  bipyramidal  molecules  indeed 
possess  unpuckered  equatorial  planes. 

”F  NMR  Spectrum  of  the  IOF»*  Anion.  The  ,9F  NMR 
spectrum  (obtained  at  McMaster  University)  of  N(CH3)4+IOF6‘ 
was  recorded  at  -40  °C  in  CHjCN  solution  and  is  in  agreement 
with  a  pentagonal  bipyramidal  structure  for  the  IOFt  anion. 
This  structure  is  expected  to  have  an  average  C5l  point  group 
symmetry  with  the  oxygen  in  the  axial  position.  Accordingly, 
the  l9F  NMR  spectrum  (Figure  3)  displays  a  broad  doublet  (Av,- 
=  1 70  Hz)  at  1 66.0  ppm,  assigned  to  the  equatorial  fluorines,  and 
a  broad  binomial  sextet  ( Av,  /2  =  360  Hz)  at  1 1 1 . 1  ppm,  assigned 
to  the  axial  fluorine  trans  to  oxygen.  The  weak  triplet  observed 
at  114.5  ppm  [2y(F«,-Fas)  =  200  Hz)  is  attributed  to  the  F -trans- 
to-0  environment  of  m-IO:Fa  46  which  probably  arose  from 
adventitious  hydrolysis  of  IOF6*  during  synthesis  or  NMR  sample 
preparation.  The  observation  of  separate  ,9F  resonances  for  tbe 
axial  and  equatorial  ligand  environments  of  IOF6~  is  unusual  for 
a  pentagonal  bipyramidal  species  and  demonstrates  that  the  IOF*~ 
anion  does  not  undergo  intramolecular  ligand  exchange  (i.e., 
pseudorotation)  in  solution,  in  contrast  with  the  related  TeF?* 
anion10 1 1  and  IF?  molecule.47  This  is  not  surprising  because  any 
plausible  intermediate  in  the  pseudorotation  process  for  IOF* 
would  require  the  doubly  bonded  oxygen  ligand  to  move  into  an 

(46)  Christe,  K.  O.;  Wilson,  R.  D.;  Schack.  C.  J.  Inorg  Chem  1981,  20, 
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2531.  (c)  Alenakos.  L  G..  Cornwell,  C  D.;  Pierce.  St  B.  Proc  Chem  Soc 
1964,  86,  293.  (d)  Gutowski,  H.  S.;  Hoffmann.  C.  F  J.  Chem.  Phys.  1951. 
19.  1259. 


Figure  3.  The  l9F  N  MR  spectrum  (470.599  MHz)  of  a  saturated  solution 
ofN(CH3).»*IOFi,  inCH)CNat-40oC:  (A)  Fcq  environment  of  IOF6  ; 
(B)  Fj, environment  of  lOF^  ;(C)  F-rranr-to-Oenvironmentofcii-IOjFr 
impurity. 

equatorial  position.  The  greater  space  requirement  of  the  oxygen 
double  bond  domain,  compared  with  that  of  a  fluorine  single 
uond  domain,  would  render  the  placement  of  the  oxygen  ligand 
in  the  more  sterically  crowded  equatorial  position  energetically 
unfavorable,  thereby  creating  a  high  activation  barrier  for  the 
process.  Although  the  X-ray  crystal  structure  reveals  that,  in 
the  solid  state,  the  equatorial  fluorine  ligands  of  the  IOF6~  anion 
are  unevenly  puckered,  only  a  single  resonance  is  observed  for 
these  ligands  in  the  ,9F  NMR  spectrum  of  the  solution.  Clearly, 
the  puckering,  which  is  frozen  out  in  the  solid  state,  becomes  a 
dynamic  process  in  solution  which  is  fast  on  the  NMR  time  scale. 

It  is  of  interest  to  compare  the  l9F  chemical  shifts  of  IOFs" 
with  those  of  other  related  iodine(VII)  oxofluoro  species.  The 
l9F  chemical  shifts  of  the  F-trans-to-F  environments  in 
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Figure  4.  Vibrational  spectra  of  N(CHj)4+IOF6-.  Trace  A,  infrared 
spectrum  of  the  solid  as  an  AgBr  disk;  traces  B  and  C,  Raman  spectra 
of  the  solid  at  25  and  -146  °C;  traces  D  and  E.  Raman  spectra  of  the 
CHjCN  solution  with  parallel  and  perpendicular  polarization,  respectively. 

another  atom  B  is  given  by  eq  2 

VaVX  ^ 

<  =  — - — [eAA  +  2>AB]  (2) 

2mc7AE  b Tk 


trans-\02Ft~,  cis-lO^,*6  and  IOF547  occur  in  a  specific  region 
at  65. 1 , 66.0,  and  68  ppm,  respectively.  Similary,  the  ,9F chemical 
shifts  of  the  F-f/wu-to-O  environments  in  CIS-IO2F4'  and  IOF5 
also  occur  in  a  distinct  region  at  112.846  and  107  ppm,98 
respectively.  In  the  IOF6~  anion  it  can  be  seen  that  the  F-lrans- 
to-O  environment  (111.1  ppm)  also  resonates  in  this  region  but 
that  the  resonance  of  the  five  equatorial  fluorines  (166.0  ppm) 
is  strongly  deshielded  (i.e.,  by  ca.  100  ppm)  from  the  F-trans- 
to-F  environments  of  IOF5  and  cis-/trans-l02F4-.  This  phe¬ 
nomenon  has  also  been  noted  for  the  XcFs~  anion  in  which  the 
fluorines  in  the  pentagonal  plane  resonate  56.8  ppm  to  high 
frequency  of  the  fluorine  ligands  in  square-planar  XeF4  49  In  the 
cases  of  the  pentagonal  bipyramidal  TeFr"  anion  and  IF?  molecule, 
even  at  low  temperature10  " 47  only  average  ,9F  chemical  shifts 
can  be  obtained  owing  to  their  fluxional  behavior.  Nevertheless, 
the  fact  that  these  average  chemical  shifts  occur  at  significantly 
higher  frequency  than  those  of  the  related  octahedral  TeF650  and 
IF6+  81  species  indicates  that  the  five  equatorial  fluorines  have  a 
higher  frequency  l9F  chemical  shift  than  the  two  axial  fluorine 
ligands,  since  the  former  will  contribute  the  largest  weighting  to 
the  average  chemical  shift. 

The  large  chemical  shift  differences  between  fluorine  ligands 
in  a  square  plane  and  those  in  a  pentagonal  plane  in  the 
aforementioned  species  are  indicative  of  the  dominance  of  the 
paramagnetic  contribution  to  the  l9F  shielding  constant.  In  the 
theory  developed  by  Pople  and  Karplus,52  the  paramagnetic 
contribution  to  the  shielding  constant  of  an  atom  A  bonded  to 

(48)  Remeasured  for  this  work  in  CHiCN  at  -40  *C. 

(49)  Christe,  K.  O.;  Curtis,  E.  C.;  Dixon,  D.  A.;  Mercier,  H.  P.;  Sanders. 
J  C.  P  ;  Schrobilgen.  G.  J.  J.  Am.  Chem.  Soc  1991.  113.  3351. 

(50)  This  work;  chemical  shift  determined  as  i  =  -51 .3  ppm  for  TeF„  in 
CH.CN  at  -40  “C. 

(51)  Brownstein.  M.;  Selig,  H.  Inorg.  Chem.  1972,  II.  656. 

(52)  Karplus,  M  ;  Pople,  J  A.  J.  Chem  Phys.  1963.  38.  2803. 


where  {r})2p  is  the  mean  inverse  cube  of  the  2p-orbital  radial 
function  on  atom  A,  @AA  is  the  charge  density  term  for  atom  A, 
Qn b  is  the  bond  order  term  for  the  A-B  bond,  and  A £  is  the  mean 
excitation  energy. 

Compared  with  the  bonds  in  the  corresponding  octahedral  or 
pseudooctahedra!  precursors,  MO,Fr”,  those  in  the  MO>FrH"'1 
species,  which  contain  a  pentagonal  plane  of  M-F  bonds  (where 
M  =  Xe,  I,  Te),  exhibit  greater  ionic  character,  as  indicated  by 
their  longer  bond  lengths  and  lower  vibrational  stretching 
frequencies.  This  greater  ionic  character  would  be  expected  to 
bring  about  a  decrease  in  the  (r3)2p  and  charge  density-bond 
order  terms  of  eq  2.  This  would  result  in  a  decrease  in  <rp  and 
a  more  shielded  chemical  shift  and  does  not  account  for  the 
experimentally  observed  trend.  Consequently,  it  would  appear 
that  the  origin  of  the  observed  deshielding  most  likely  lies  in  the 
A£  term.  Unfortunately,  the  nature  of  the  excited  states  is 
unknown  present;  however,  it  is  interesting  to  note  that 
comparisonof  the  HOMO  energies  in  XeF<  and  XeFs‘ 49  as  well 
as  IOF5  and  IOF6‘  reveals  that  the  anions  have  significantly  lower 
values  than  the  neutral  molecules  and  may  facilitate  excitation 
to  a  higher  excited  state,  i.e.,  A£  is  smaller  for  XeF5-  and  IOF6‘ 
than  for  XeF4  and  !OF5. 

The  two- bond  fluorine-fluorine  scalar  coupling  2/(l,Ftl-l9F,q) 
in  IOF<r  has  a  value  of 205  Hz  and  is  almost  identical  in  magnitude 
to  that  measured  previously  for  cis- IO2F4-  in  CHjCN  [J/(I9F„- 
l9Fc,)  =  204  Hz). 46  The  couplings  in  both  anions  are  smaller 
than  the  corresponding  coupling  in  the  related  IOF5  molecule 
lJ/(,,F„-'9F0,)  =  271-280  Hz),53  which  may  reflect  the  antic¬ 
ipated  greater  ionic  character  in  the  bonds  of  the  anionic  species.54 
In  the  l9F  NMR  spectrum  of  IOF6\  both  the  doublet  and  sextet 
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Table  III.  Vibrational  Spectra  of  N(CHj)4+IOF(,  and  Their  Assignment 


obsd  freq. 

cm'1  (rel  intensity) 

Ra 

assignments  (point  group) 

CHjCN 

so! 

1R 

solid 

N(CH3)4* 

iof6 

25  °C 

25  ‘’C 

-150  °C 

25  °C 

(Td) 

(Cv) 

3045  mw 

3043 (20) 
2996(13) 

3045(5)  ) 

ME) 

2970  w 

2965  (13) 

2970(4)  ' 

V|i(F;) 

2927 (6) 
2819(5) 

i»i(Ai)  +  combin  bands 

1489  vs 

r,s(F:) 

1464(46) 

1466(15) 

v2(A,),ME) 

1418m 

1417(6) 

1416(3) 

*i4(F2) 

1285  mw 

1288  (3) 

V!7(F2) 

1173 (6) 

1174(4) 

v7(E) 

949  vs 

948  (41) 

949  (28) 

fisfF:) 

873  vs 

874  (53) 

873 (37) 

880 (50) p 

•’i(Ai) 

752(45) 

740  sh 

753(15)  ] 
742  sh 

1 

v3(  A 1 ) 

649  s 

649  (88) 

658 (57) 

656  (75) p 

v:(A|) 

585  vs 

vs(Ei) 

578(100) 

584(100) 

581 (100) p 

vj(Ai) 

535  w.sh 

530  (4) 

530  (3) 

v,(E2) 

490  m 

475  sh 

466(15)1 

v„(F2) 

457 (49) 

456(23) 

457  (20)  dp 

*,o(E2) 

405  vs 

373  sh 

377  (5) 

v8(E) 

ME,) 

359  s 

354  (4) 

»«(Ai) 

341  (62) 

344(52) 
335  (5) 

v,2(F,) 

ME,) 

255  s 

260  (2) 

260  (2) 

ME,) 

are  significantly  broadened  owing  to  partially  collapsed  scalar 
coupling  to  the  quadrupolar  I27I  (/= 5/ 2)  nucleus.  The  19FNMR 
spectra  of  m-I02F4~ 46  and  IOFs47a  also  show  broadening 
attributed  to  the  same  cause.  Interestingly,  the  line  width  of  the 
sextet  of  IOF«  is  substantially  broader  than  that  of  the  doublet, 
indicating  that  './(l9Fail-l27I)  is  larger  than  '•/(l9Foq-,27I)  and 
therefore  less  quadrupole  collapsed.  If  it  is  assumed  that  the 
Fermi-contact  mechanism  provides  the  dominant  coupling  con¬ 
tribution,  then  this  observation  is  consistent  with  the  relatively 
more  covalent  (i.e.,  greater  s-character)  bond  between  iodine 
and  the  axial  fluorine  as  compared  with  those  between  iodine  and 
the  equatorial  fluorines.54  The  X-ray  crystallographic  data  and 
vibrational  spectra  for  N(CHj)4+IOF6-  support  this  idea  in  that 
the  I-Fax  bond  distance  is  shorter  than  the  average  I-F*,  bond 
distance  and  the  I-Fax  force  constant  is  larger  than  the  I-F„,  one 
(see  below). 

Vibrational  Spectra.  The  infrared  and  Raman  spectra  of  solid 
N(CHj)4+IOF6'  and  the  Raman  spectra  of  its  CHjCN  solution 
were  recorded  and  are  shown  in  Figure  4.  The  observed 
frequencies,  together  with  their  assignments,  are  summarized  in 
Table  III.  A  comparison  of  the  observed  and  calculated  (see 
below)  frequencies  of  IOF«,~  with  those  of  the  closely  related 
pentagonal  IF?  molecule*  and  XeF5  anion,49  together  with  their 
approximate  mode  descriptions,  is  given  in  Table  IV.  After 
subtraction  of  the  well-known15  55  bands  of  the  N(CHj)4+  cation 
(see  Table  III),  the  remaining  bands,  which  are  due  to  IOF«  ,  can 
be  readily  assigned  based  on  the  data  given  in  Ti_ble  IV.  Since 
the  vibrational  spectra  of  IOF6‘  in  solid  N(CH3)4+IOF^  do  not 
appear  to  be  noticeably  affected  by  the  slight  equatorial  puckering, 
they  were  assigned  (see  Table  IV)  in  point  group  C5,  which  is  the 
lowest  energy  structure  of  the  free  anion  (see  below). 

Ab  Initio  Calculations  tad  Normal  Coordinate  Analyses.  The 
electronic  structure  of  IOF(~  was  calculated  at  the  ab  initio  level 


(54)  Jameson.  C. J. In  Multinucltar  NMR\  Mason,  J.,  Ed.;  Plenum  Press: 
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(55)  Christe,  K.  O  ;  Wilson.  W.  W.;  Bau.  R.;  Bunte.  S  W.  J.  Am.  Chtm. 
Soc  1992.  111.  341 1  and  references  cited  therein. 


by  using  both  local  density  functional  (LDF)  theory  and  molecular 
orbital  theory  with  an  effective  core  potential  (ECP)  for  the  core 
electrons  of  iodine.  Both  types  of  calculations  resulted  in  minimum 
energy  structures  of  C5t.  symmetry  with  the  ECP  calculations 
duplicating  the  experimentally  observed  geometry  (see  Table  V) 
and  vibrational  frequencies  (see  Table  IV)  much  better  than  the 
LDF  calculations.  In  view  of  the  superiority  of  the  ECP 
calculations,  we  have  also  recalculated  the  structure  of  the  closely 
related  XeFs~  anion,  for  which  previously49  only  LDF  values  had 
been  available.  As  can  be  seen  from  Tables  IV  and  V,  the  ECP 
calculations  are  in  excellent  agreement  with  the  observed  values, 
after  scaling  of  the  calculated  frequencies  by  empirical  factors 
to  maximize  their  fit  with  the  experimental  data,  and  therefore 
are  invaluable  for  the  correct  assignments  of  the  vibrational 
spectra.  For  XeF5~,  for  example,  they  clearly  indicate  that  the 
previous  assignments49  for  v2(  A2")  =  274  cnr 1  and  v4(E/)  =  290 
cm-1  should  be  reversed.  In  view  of  the  closeness  of  these  two 
frequencies,  the  reversal  of  their  assignments  has  very  little  or  no 
impact  on  the  conclusions  previously  reached49  for  XeF5-. 

The  eleven  fundamental  vibrations  of  a  pentagonal  bipyramidal 
AXjYZ  species  in  point  group  C5(  can  be  classified  as  T  *  4A,- 
(IR,Ra)  +  4Ei(IR,Ra)  +  3E2(Ra).  The  internal  coordinates, 
symmetry  coordinates,  and  approximate  mode  descriptions  (or 
IOF6-  are  summarized  in  Figure  5  and  Table  S6,  respectively. 
The  tentative  assignments  given  in  our  preliminary  communi¬ 
cation10  for  IOF6-  and  IF?  have  been  significantly  improved 
resulting  in  revised  assignments  for  vi.  vs,  and  vie  of  IOF6  and 
for  vt>  and  v)0  of  IF7. 

By  the  use  of  the  scaled  ECP  frequencies,  force  fields  were 
calculated  for  10F6-  (see  Table  VI)  and  XeFr  (see  Table  VII). 
The  potential  energy  distribution  (PED)  for  IOF6  is  given  in 
Table  VIII.  As  can  be  seen  from  Table  VIII,  the  IF5  in-plane 
deformation  motions,  due  to  their  high  frequencies,  mix  con¬ 
siderably  with  some  of  the  other  symmetry  coordinates,  and  the 
v7(  E 1 )  and  ME,)  modes  are  antisymmetric  and  symmetric 
combinations,  respectively,  of  S7  and  Sg.  Consequently,  n  and 
»s  are  better  described  as  an  O-I-F,,  rocking  motion 
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and  an  0-I-Fa„  scissoring  motion 

respectively,  than  as  separated  1=0  and  I — Fa,  wagging  motions. 
The  only  deficiency  of  the  ECP  calculation  for  IOF6~  was  the 
low-frequency  value  and  resulting  force  constant  for  the  scaled 
1-0  stretching  mode,  vi(Ai).  Consequently,  we  prefer  to  use  for 
this  mode  the  unsealed  value  of  860  cm-1  which  is  in  much  better 
agreement  with  the  observed  value  of  873  cm-1.  The  low  value 
calculated  for  this  stretching  frequency  is  surprising  as  the 
calculated  1-0  bond  length  is  shorter  than  the  experimental  value. 
Due  to  the  larger  number  of  symmetry  species  for  XeF5",  its  PED 
(see  Table  VII)  is  highly  characteristic  and  requires  no  further 
comment.  It  should  be  noted,  however,  that  the  symmetry 
coordinates  and  internal  force  constants,  previously  published49 
for  XeF5“,  contained  two  typographical  errors.  should  read 
(2/5)'/2  (sin  2a  (Ar2  -  Ar5)  -  sin  a  (Ar,  -  Aft)],  and  subscripts 
had  been  omitted  from  the  last  two  internal  force  constants  in 
Table  VIII  which  should  read  fyy  -  fyy  and /,  - /T>,  respectively. 

The  internal  force  constants  of  greatest  interest  are  those 
involving  the  stretching  of  the  axial  and  the  equatorial  fluorine 
bonds  and  the  equatorial  in-plane  deformation  constants.  These 
data  are  summarized  for  the  IF7,  IOF6  ,  XeFs-  series  in  Table 
IX.  As  can  be  seen  from  this  table,  the  X-F„  bonds  are 
considerably  stronger  than  the  X-Fo,  ones  for  a  given  compound, 
as  expected  from  the  bonding  scheme  proposed  below.  Further¬ 
more,  the  stretching  force  constants  decrease  significantly  on 
going  from  IFito  IOF<r  and  XcFs-,  as  expected  from  an  increasing 
ionicity  of  the  X-F  bonds  caused  by  the  formal  negative  charge 
in  the  anions  and  the  reduction  in  the  formal  oxidation  state  of 
the  central  atom  from  +VII  in  IF7  and  IOF<f  to  +IV  in  XeFj-. 
The  large  increase  in  the  value  of  the  coupling  to  opposite 
bonds,  from  IOF6‘  to  XeF5',  is  analogous  to  those  previously 
observed44  for  going  from  either  tram-IOjFr  (//=  0.27  mdyn/ 
A)  to  10 F4  (ftt'  =  0.45  mdyn/A)  and  IF.  (f,/  =  0.47  mdyn/A) 
or  IOFs  (/■„'  -  0.18  mdyn/A)  to  IF5  (/„'  =  0.38  mdyn/A)  and, 
hence,  appears  to  be  associated  with  the  introduction  of  a  sterically 
active,  free  valence  electron  pair  in»«  the  ligand  sphere  around 
the  central  atom. 

The  in-plane  deformation  constants,/,,  are  a  measure  for  the 
strength  of  the  mutual  repulsion  of  the  equatorial  ligands  and 
hence  for  the  degree  of  congestion  in  this  plane  which,  in  turn, 
is  responsible  for  the  puckering.  As  can  be  seen  from  Table  IX, 
the  value  of  fa  decreases  markedly  on  going  from  IF7  to  IOF6" 
andXeFs  -  In  IF7,  the  in-plane  deformation  constant,/,,  is  about 
five  times  larger  than  the  out-of-plane  deformation  constant,/;, 
and  accounts  for  the  puckering  of  the  equatorial  plane  in  IF7.  On 
the  other  hand,  in  XeFs*  the  /„  value  has  become  much  smaller 
and  approaches  the  range  of  values  expected  for  the  out-of-plane 
deformation  constants,/;.  This  is  in  good  agreement  with  the 
X-ray  crystal  structure  of  NfCHjJ/XeFs'  which  showed49  that 
XeFs'  is  planar  and  not  puckered.  Hence,  it  appears  that  the 
value  of  the  in-plane  deformation  force  constant,/,,  is  a  useful 
parameter  for  measuring  the  degree  of  congestion  and  the  likely 
occurrence  of  puckering  in  the  equatorial  ligand  plane. 

It  must  be  pointed  out  that  the  problem  of  calculating  the 
internal  deformation  constants  from  the  corresponding  symmetry 
force  constants  is  underdetermined  (more  unknowns  than  available 
equations)  and,  hence,  requires  additional  assumptions.  For  the 
calculation  of  f„  in  our  compounds,  the  pure  vibrational  force 
field54  condition  of  Kuczera,  adapted  to  5-fold  symmetry,/,  + 

(56)  (a)  Kuczera.  K.;  Czerminski,  R.  J.  Mol .  Struct.  19*3, 105,  269.  (b) 
Kuczera.  K  J  Mol  Struct.  19*7,  160.  159. 
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Table  V.  Observed  and  Calculated  Geometries  of  IOF,  and  the  Closely  Related  IF?  and  XeF. 


10F„ 

IF, 

XeF. 

exp° 

ealed0 

exp* 

ealed' 

exp4 

ealed 

ECP 

LDF 

ECP 

LDF 

ECP  LDF 

rl-O(A) 

1.75-1.77 

1.791 

rl-Fj, 

1.781 

1.7705 

1 .870  rXe-F^ 

2.012 

1.9924  2.077 

zl-Fj,  (A) 

1.82 

1.8087 

1.913 

rl-Fcq 

1.857 

1.8333 

1.918 

rl-FCy  (A) 

1.88 

1.8819 

1.969 

Fn-l-Fj, 

90 

90 

90 

0~1-FC„  (deg) 

94-96 

96.0 

0  Data  from  this  study  "  Data  from  ref  7.  '  Data  from  ref  8.  “  Data  from  ref  49. 


Figure  5.  Internal  coordinates  for  IOF,  . 


Table  VI.  Symmetry  Force  Constants0  of  IOF,  Calculated  from 
the  Scaled  ECP  Frequencies  of  Table  IV 


F,,  F,; 

Fj, 

Fu 

A, 

F,, 

6.077'’ 

(4  967  )• 

F" 

0057  3.899 

Fi) 

-0  041  0.169 

3.656 

Fu 

-0.164  0.332 

0.078 

1.725 

F.;  F«, 

F-r 

F%$ 

E, 

F.. 

3.040 

Fbt* 

-1079  3.246 

F-7 

0230  -0.234 

1.087 

F„« 

0.176  -0.271 

0.085 

0.891 

F99 

F)o  jo 

F;  1 . ,  1 

E- 

F„ 

2.844 

F  io.io 

0.407 

2.478 

F\\.\\ 

-0.007 

-0.064 

0.395 

“Stretching  constants  in  mdyn/A,  deformation  constants  in  mdyn 
A/rad-’, andstretch-bendinteractionconstantsinmdyn/rad.  *  Unsealed 
value  (see  text)  Scaled  value. 


2 f„„  +  2 f„„'  =  0.  was  used.  Since  for  /a  the  case  is  even  more 
complex,  no  explicit  values  were  calculated  for  fg  of  IOF,"  and 
XeFr;  however,  we  estimate /sof  IOF6‘  to  be  slightly  larger  than 
and  that  of  XeF;'  to  be  similar  to  that  of  IF7. 

Structure  and  Bonding  in  IOF,  and  Related  Molecules  and 
Ions.  The  pentagonal  bipyramidal  structure  and  the  co-planarity 
of  the  equatorial  ligands  in  the  minimum  energy  configuration 
of  IOF, ,  which  cannot  be  accounted  for  by  either  “repelling 
points  on  a  sphere"  VSEPR  arguments5  or  classical,  directionally 
localized  molecular  orbitals,  can  be  rationalized  in  terms  of  a 
bonding  scheme,  outlined49  for  XeF;'  and  elaborated  on  in  more 
detail8  for  IF?.  In  this  scheme,  the  structure  and  bonding  of 
XeF;-  are  explained  by  a  simple  model  derived  from  XeF4.  The 
bonding  in  the  square-planar  XeF»  can  be  described  by  two  semi¬ 
ionic,  3-center  4-electron  (3c-4e)  bonds57  for  the  four  Xe-F  bonds 
and  two  lone  valence  electron  pairs  on  Xe  (s2p.2  hybrids).  The 
3c-4e  bonds  involve  the  p,:  and  p,.2  orbitals  of  xenon.  Addition 

(57)  (a)  Pimentel. GC/  Chem  Phys.  1951, 10,446.  Hach.R  J.;Rundie. 
R  E  J  Am.  Chem  Soc  1951.  73.  4321.  Rundle,  R.  E.  J.  Am.  Chem.  Soc. 
1563. 85. 1 1 2.  (b)  Burden.  J.  K  In  Molecular  Shapes  Theoretical  Models 
of  Inorganic  S’ereochemistry,  Wiley:  New  York,  1980. 


Table  VII.  Revised  Assignments,  ECP  Force  Field,0  and  Potential 
Energy  Distribution1’  for  XeFr 


freo  cm- 1 

approx  _ ,  -  symmetry 

mode  ealed 

force 

description  (ECP) 

obsdr  constants 

PED 

Ai  i>, 

v  sym  XeF;  498 

502  F,,  =  2.775 

100(1) 

A?"  v 2 

b  umbrella  301 

290  F;;  =1.191 

100(2) 

E|'  KJ 

vasymXeF;  449 

450  Fj,  =  1.6714 

97(3) +  3(4) 

F„  =  -0.193 

*4 

b  asym  in  plane  273 

274  Fm=1940 

99(4)+  1(3) 

E;'  Ifs 

v  asym  XeF;  420 

423  F;;=  1.938 

92(5)  +  8(6) 

Fo,  =  0.1191 

b  in-plane  373 

377  F„  =  1 .7505 

91(6) +  9(5) 

E;"  v, 

b  pucker  105 

F„  =  0  2498 

100(7) 

0  Force  constants  calculated  with  the  ECP  frequencies;  stretching 

constants  in  mdyn/A,  deformation  constants  in  mdyn  A/nd 

:,and  stretch- 

bend  interaction  constants  in  mdyn/rad.  b  PED  in  percent.  '  Data  from 

ref  49. 

Table  VIII.  Potential  Energy  Distribution  for  IOF, 

freq.  cm'1 

PED,  % 

A, 

v,  860 

87(1) +  7(2) +  5(4) 

v-  625 

83(2)+  10(3) +  4(1) +  2(4) 

v,  566 

88(3)+  12(2) 

m  371 

100(4) 

E; 

V;  583 

97(5)  +  2(8) 

v,  415 

44(6)  +  26(8)  +  25(7)  +  5(5) 

v,  340 

58(8)  +  42(7) 

v,  273 

43(8) +  40(7)+  16(6) 

E; 

v,  530 

73(9) +  27(10) 

•>io  446 

72(10) +  28(9) 

•’ll  141 

100(11) 

Table  IX. 

Internal  Force  Constants0*  (mdyn/A)  of  IF,.  IOF,  .  and 

XeF; 

IF, 

IOF, 

XeF; 

h 

5.005 

3.897 

/: 

3.947 

2.938 

2.062 

f„ 

0.326 

0.306 

0  198 

f< 

0.0265 

0.0536 

0.317 

h 

0.847 

0.690 

0364 

fan 

-0.183 

-0.147 

-0  081 

fan 

-0.240 

-0.198 

-0  102 

h 

0.163 

0  The  deformation  constants  have  been  normalized  for  the  following 
bond  distances:  IF,.  rl-Fo,  =  I  857  A;  IOF6  ,  rl-F„  =  1 .877  A;  XeFr, 
rXe-F  =  2.0124  A.  */„  and /,/  denote  coupling  to  adjacent  and  opposite 
bonds,  respectively,  and /,„  and coupling  to  adjacent  and  opposite 
bond  angles,  respectively. 

of  an  F~  ion  to  the  equatorial  plane  in  XeF4  results  in  pentagonal- 
planar  XeF?"  and  the  formation  of  a  semi-ionic,  6-center  10- 
electron  (6c-10e)  bond  involving  the  delocalized  p,2p/  hybrid 
orbitals  of  Xe  and  6  electrons  on  the  5  F  ligands.49  The  two  lone 
valence  electron  pairs  on  Xe  in  XeF;"  are  analogous  to  those  in 
XeF4. 

Now  let  us  consider  the  bonding  in  I F,  and  IOF, .  Their  planar 
IF;  fragments  have  essentially  the  same  bonding  as  XeF;",  as 
shown  by  the  atomic  population  calculations  given  in  Table  X. 
As  expected  for  the  replacement  of  two  free  valence  electron 
pairs  on  the  central  atom  by  two  bonded  ligands,  each  of  which 


The  lOFt  Anion 
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Figure  6.  A  comparison  of  the  structure  of  lOF*  with  those  of  closely  related  hexa-  and  heplacoordinated  iodine  fluorides  and  oxyfluorides 


Table  X.  Atomic  Populations  (e)  in  the  Valence  Electron  Orbitals 
and  Total  Charge  Distributions  for  XeF,.  IF?,  and  (OF* 


XeF< 

IF? 

10F„ 

Central  Atom 

s 

2.22 

1.35 

1.43 

p.  =  p. 

0  61 

0.64 

0.64 

p- 

2.02 

0.60 

0.71 

d  - 

003 

Oil 

0.14 

d,-  =  d,; 

0.06 

0.12 

0.09 

d„ 

0  14 

0.20 

0.16 

d,  =  d, 

004 

0.14 

0.15 

d  total 

0.37 

0.83 

0.78 

Equatorial  Fluorines 

S 

1  98 

1.93 

1.94 

p  bond 

1  70 

1.57 

1.64 

p  in  plane 

1.98 

1.96 

1.97 

P 

1.97 

1.94 

1.95 

d 

0 

0.03 

0.02 

Axial  Fluorines  and  Oxygens 

s 

1  92 

1.92(F).  1.86(C) 

p. 

1.54 

1.57(F),  1.16(0) 

pv  =  P. 

1.94 

1.95(F),  1.83(0) 

d 

0.04 

0.03(F),  0.04  (O) 

Total  Charges 

central  atom 

2.15 

2.94 

2.81 

F.-, 

-0.63 

-0.43 

-0.53 

F., 

-0.39 

-0.44 

o.. 

-0.74 

contributes  one  electron  to  its  bond,  the  population  of  the  s:  and 
p.:  orbitals  of  I  in  IF?  and  IOFt  has  decreased  by  about  two 
electrons,  compared  to  XeF<  and  XeF;~.  The  higher  oxidation 
state  of  the  central  atoms  in  IF?  and  IOF»  (+VII)  results  in  I 
having  a  higher  positive  charge  than  Xe  (+IV)  in  XeF<.  This 
causes  the  effective  electronegativity  differences  between  the 
central  atoms  and  the  ligands  in  IF?  and  IOF«~  to  be  smaller  than 
those  in  XeF4  and  XeFs  and  results  in  an  increased  covalency 
and  a  shortening  of  the  central  atom-fluorine  bonds.  Further¬ 
more,  the  axial  fluorine  ligands  in  IF?  and  IOF«~  carry  less  of  a 
negative  charge  than  the  equatorial  ones  which  accounts  for  the 
axial  I-F  bonds  being  more  covalent  and,  hence,  shorter  than  the 
equatorial  ones  The  total  charge  distributions  in  IF?  and  IOF« 
(see  Table  X)  also  demonstrate  the  effect  of  replacing  an  F  ligand 
in  IF?  by  an  O'  ligand.  The  oxygen  substitution  results  in  the 
release  of  electron  density  into  the  !Ft  part  of  the  molecule  which 
increases  the  negative  charges  on  the  six  fluorines  and  weakens 
the  I-F  bonds  in  IOF*  relative  to  those  in  IF?. 


Of  course,  the  above  model  does  not  account  for  the  fact  that 
the  electrons  will  try  to  minimize  their  mutual  repulsions  and 
occupy  all  of  the  available  orbitals  to  do  so.  This  results  in  the 
participa  .ion  of  some  d  functions.  Although  we  are  not  proposing 
a  d  hybridization  model,  the  population  in  the  d  orbitals  does 
suggest  a  redistribution  into  these  orbitals  beyond  that  expected 
if  the  d  orbitals  were  to  act  solely  as  polarization  functions. 

The  above  atomic  population  and  total  charge  distribution 
analysis  qualitatively  confirms  our  simple  bonding  model  for 
pentagonal-bipyramidal  molecules.  This  model  involves  the  use 
of  delocalized  p,2  and  p/  hybrid  orbitals  of  the  central  atom  for 
the  formation  of  a  semi-ionic,  6c- 1  Oe  bond  with  the  five  equatorial 
ligands  and  of  an  sp;  hybrid  orbital  for  the  formation  of  two, 
more  covalent,  axial  bonds.  This  bonding  scheme  can  account 
for  all  the  observed  structural  features  and  also  the  observed 
bond  length  differences.  The  planarity  of  the  p*2  and  pv:  hybrid 
orbitals  of  the  central  atom  also  explains  why  these  heptacoor- 
dinated  main  group  fluorides  and  oxyfluorides  prefer  pentagonal- 
bipyramidal  structures  and  no.  *he  monocapped  octahedral  or 
trigonal  prismatic  ones  expected  from  VSEPR  arguments. 

As  far  as  the  puckering  of  the  equatorial  plane  in  pentagonal 
bipyramidal  molecules  is  concerned,  the  data  given  above  for 
IOF6'  strongly  suggest  that  the  congestion  in  its  equatorial  plane 
and  hence  the  driving  force  toward  puckering  is  intermediate 
between  those  of  puckered  IF?  and  planar  XeFV  Therefore,  it 
might  be  possible  that  by  a  reduction  of  the  thermal  motion  of 
the  ligands,  the  mutual  repulsion  among  the  equatorial  ligands 
will  be  sufficiently  diminished  to  allow  for  the  observation  of  a 
temperature-dependent  transition  from  a  puckered  to  a  planar 
configuration.  Our  two  crystal  structure  determinations  of 
N(CHj)4+IOF(,  at  different  temperatures  clearly  demonstrate 
such  a  temperature  dependency  of  the  degree  of  puckering,  and 
the  ab  initio  calculations  point  to  a  minimum  energy  structure 
with  coplanar  equatorial  ligands. 

A  comparison  of  the  structure  of  IOF6‘  with  those7  3*  5*'61  of 
other  hexa-  and  heplacoordinated  iodine  fluorides  and  oxyfluorides 
is  shown  in  Figure  6  and  suggests  the  following  general  effects: 
(i)  If  the  central  iodine  atom  possesses  a  free  valence  electron 
pair,  this  pair  seeks  high  s  character,  i.e.  sp"  hybridization.  If  the 
number  of  ligands  is  larger  than  four,  then  as  many  F  ligands 
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form  semi-ionic,  3-center  4-electron  (3c-4e)-s'J  or  similar  multi¬ 
center  bonds5'6  as  are  required  to  allow  the  free  electron  pairs 
to  form  an  sp"  hybrid  with  any  remaining  ligands.  The  resulting 
semi-ionic,  multi-center  bonds  are  considerably  longer  than  the 
more  covalent  sp"  hybrid  bonds.63  This  effect  accounts  for  the 
long  equatorial  I-F  bonds  in  lF4-,5tl  IOF4 ,59  and  IFs,60  and  the 
short  axial  1-F  bond  in  IF*.60  (ii)  If  the  central  atom  does  not 
possess  any  free  valence  electron  pair,  the  ionicity  of  the  bonds 
and,  as  a  result,  their  lengths  are  influenced  by  the  following 
secondary  effects:  (a)  An  increase  in  the  oxidation  state  of  the 
central  atom  generally  increases  its  effective  electronegativity 
and  results  in  increased  covalency  and,  hence,  shorter  bonds,  it 
must  be  kept  in  mind,  however,  that  the  addition  of  two  fluorine 
ligands  results  in  a  considerably  stronger  electron  density 
withdrawal  from  the  central  atom  than  that  caused  by  the  addition 
of  one  doubly  bonded  oxygen  ligand.  Thus,  for  extremely 
electronegative  central  atoms,  such  as  chlorine  in  C1F;+  or  C1F4‘, 
the  addition  of  an  oxygen  ligand  may  even  result  in  the  reverse 
effect,  i.e.  the  release  of  electron  density  to  the  central  atom.61-6’ 
(b)  In  the  case  of  coordination  number  (CN)  seven,  steric  crowding 
and,  hence,  repulsion  effects  also  become  important.  The 
increased  congestion  in  the  equatorial  planes  of  IF7  and  IOF6  , 
for  example,  results  in  increased  mutual  repulsion  and  increased 
lengths  of  the  equatorial  bonds.  Thus,  the  nearest-neighbor 
Fcq"-Feq  contacts  in  the  IOF,,'  anion  at  -93  °C  are  2.090(16)- 
2.362(  1 2)  A  and  are  significantly  less  than  twice  the  nominal  van 
der  Waals  radius  for  fluorine,  i.e.,  2.70-2.80  A,44'45  while  in 
hexacoordinated  IF538  the  nearest  neighbor  F^-F^,  contacts  are 
2.571  A  and  are  still  at  the  limit  of  the  sum  of  the  fluorine  van 
der  Waals  radii.  Similarly,  the  increased  repulsion  from  the 
stericallv  active,  free  valence  electron  pair  on  iodine  in  hepta- 
coordinated  IF,,  causes  an  elongation  of  the  three  neighboring 
I-F  bonds.61  (c)  A  formal  negative  charge,  as  found  in  an  anion, 
enhances  the  FJ  ~I4+  bond  polarity  and  hence  the  ionicity  of  a 
bond  and,  thereby,  increases  the  bond  lengths.63 

The  combination  of  these  effects  can  explain  the  features  of 
the  compounds  shown  in  Figure  6.  For  IOF<,  ,  the  relative  length 
of  equatorial  1-F  bonds  can  be  explained  by  semi-ionic,  multi¬ 
center  bonding,  which  is  enhanced  by  the  formal  negative  charge 
and  the  repulsion  effects  caused  by  the  steric  crowding  in  the 
equatorial  plane,  while  the  lengthening  of  the  1-0  bond  is 
attributed  mainly  to  the  formal  negative  charge  and  the  repulsion 
effects.  There  is  one  piece  of  data  in  Figure  6,  however,  which 
does  not  fit  the  overall  picture.  This  is  the  axial  I-F  bond  length 
in  IOF<.  The  published18  value  of  1 .863  A  appears  too  long  and, 
based  on  the  fact  that  the  axial  IF  stretching  force  constant  in 
IOF<  is  larger  than  the  equatorial  one64  and  by  analogy  with  the 
isoelectronic  TeOFr  anion  (Te-F4>  =  1.854  A,  Te-Feq  =  1 .853 
A),65  the  axial  bond  distance  in  IOF,  should  be  similar  to  or 
shorter  than  the  equatorial  ones.  A  cursory  examination66  of  the 
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18. 331  Chrisie.  K  O  XXI Vih  Ini  Congr.  Pure  Appl.  Chem  1974,  4.  1 1 5. 

(63)  Chrisie.  K  O  ;  Curtis,  E  C.  Inorg.  Chem  1972.  II.  2209. 


experimental  data-’8  64  67‘69  available  for  10F<  revealed  that  these 
bond  distances  are  not  well-determined  and  are  very  sensitive  to 
the  choice  of  the  0-I-Fcq  bond  angle.  Thus,  a  decreasing  angle 
lengthens  the  1-0  and  shortens  the  I-F4,  bond.  Furthermore,  a 
lengthening  of  the  1-F„,  bond  distance  results  in  a  shortening  of 
the  1-Fj,  bond  distance.  Obviously,  additional  experimental  data 
are  required  for  a  more  precise  structure  determination  of  IOF,. 

Conclusions.  The  IOF*-  anion  provides  unique  information  on 
the  nature  of  heptacoordinated  molecules.  The  high  degree  of 
fluxionality,  which  is  normally  encountered  for  free  heptacoor¬ 
dinated  molecules,  is  absent.  Dynamic  puckering  of  the  equatorial 
ligand  plane  is  frozen  out  by  crystal  forces,  and  axial-equatorial 
ligand  exchange  is  precluded  by  the  incorporation  of  the  more 
repulsive,  axial  oxygen  ligand.  It  is  shown  that  the  statically 
puckered,  equatorial  fluorine  plane  exhibits  C,  symmetry  in  the 
crystal.  Furthermore,  it  is  demonstrated  by  ab  initio  calculations 
and  the  crystal  structure  of  XeFr  that  the  lowest  energy  structures 
of  these  molecules  are  pentagonal  bipyramids  with  coplanar 
equatorial  ligands.  This  coplanarity  is  explained  by  a  bonding 
scheme  involving  delocalized,  planar  p,:-p,3  hybrid  orbitals  of 
the  central  atom  for  the  formation  of  a  semi-ionic,  6-center  10- 
electron  system  for  the  five  1-F*  bonds  which  also  accounts  for 
their  increased  lengths.  The  degree  cf  puckering  of  the  equatorial 
ligand  plane  increases  with  increasing  mutual  repulsion  of  the 
equatorial  ligands  and,  therefore,  is  temperature  dependent  as 
demonstrated  for  IOF„ . 
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